Annexin 1 (ANXA1), the first characterized member of the annexin superfamily, is known to bind or annex to cellular membranes in a calcium-dependent manner. Besides mediating inflammation, ANXA1 has also been reported to be involved in important physiopathological implications including cell proliferation, differentiation, apoptosis, cancer, and metastasis. However, with controversies in ANXA1 expression in breast carcinomas, its role in breast cancer initiation and progression remains unclear. To elucidate how ANXA1 plays a role in breast cancer initiation, we performed stable isotope labeling of amino acids in cell culture analysis on normal mammary gland epithelial cells from ANXA1-heterozygous (ANXA1 ؉/؊ ) and ANXA1-null (ANXA1 ؊/؊ ) mice. Among over 4000 quantified proteins, we observed 214 up-regulated and 169 down-regulated with ANXA1 ؊/؊ . Bioinformatics analysis of the down-regulated proteins revealed that ANXA1 is potentially implicated in DNA damage response, whereas the analysis of up-regulated proteins showed the possible roles of ANXA1 in cell adhesion and migration pathways. These observations were supported by relevant functional assays. The assays for DNA damage response demonstrated an accumulation of more DNA damage with slower recovery on heat stress and an impaired oxidative damage response in ANXA1 ؊/؊ cells in comparison with ANXA1 ؉/؊ cells. Overexpressing Yes-associated protein 1 or Yap1, the most down-regulated protein in DNA damage response pathway cluster, rescued the proliferative response in ANXA1
Annexin-1 (ANXA1), a 37-kDa protein, is a member of the family of Ca 2ϩ -dependent phospholipid-binding proteins. The diverse biological properties of the annexin family members are attributed to the variability in length and sequence of their N-terminal domains (1) . Being the first characterized member of the annexin superfamily, ANXA1 has long been implicated to have anti-inflammatory properties, whereby it mediates the function of glucocorticoids (2) , and as an inhibitor of phospholipase A2 activity (3) . Its roles as a substrate for the epidermal growth factor receptor (EGFR) 1 tyrosine kinase (4), modulator of the mitogen-activated protein kinase extracellular signal-regulated kinase pathway (5), as well as an "eat me" signal in apoptotic cells for phagocytes (6) , establish ANXA1's involvement in important cellular regulatory pathways including cell proliferation, differentiation and apoptosis (7) . This has driven recent research on ANXA1 toward the topic of carcinogenesis because any dysregulation in cellular regulatory pathways has the potential of leading to cancer.
There is accumulating evidence suggesting that ANXA1 could be playing critical roles in cancer. A first line of evidence comes from the observation that there is differential expression of ANXA1 in different cancers. ANXA1 has been shown to be lost in esophageal cancer (8) , prostate cancer (9) , and head and neck cancer (10) and overexpressed in hepatocarcinoma (11) as well as pancreatic cancer (12) . The implication of ANXA1 in tumor growth and pathological angiogenesis, which are etiologies of cancer, has also been recently demonstrated in ANXA1-null mice upon subcutaneous injection of tumor cells, suggesting ANXA1 to be a tumor-induced vascular biomarker (13) . There have been conflicting reports on the status of ANXA1 levels in breast carcinomas, with ductal carcinomas exhibiting a loss of ANXA1, whereas basal cell carcinomas express high levels of ANXA1. ANXA1 was reported as an important modulator for an epithelial-to-mesenchymal-like phenotypic switch via the transforming growth factor ␤ signaling pathway (14) . Furthermore, our recent study demonstrates that ANXA1 is required for constitutive NF-B activity in basal cell carcinoma cell lines, which is of utmost importance to metastatic potential (15) . Moreover, genomics approaches to studying molecular signatures associated with transformation and progression to breast cancer highlighted an up-regulation of ANXA1 in cellular transformation (16) . However, its specific role in breast cancer initiation and progression remains unclear. Elucidating factors regulating normal mammary gland cell development is essential for our understanding of breast cancer. Here, we used a quantitative system wide approach to investigate the impact of ANXA1 in mammary gland cells from ANXA1-heterozygous and deficient mice. Stable isotope labeling of amino acids in cell culture (SILAC), deploying the in vivo incorporation of amino acids with substituted stable isotope-labeled amino acids (17) into cell culture, was employed for mass spectrometry-based quantitative proteomics. We quantified over 4000 proteins by SILAC and performed bioinformatics analysis for up-and down-regulated protein clusters. The analysis revealed that ANXA1 plays key roles in DNA damage responses, cell adhesion, and migration, which we further validated by using relevant functional assays.
EXPERIMENTAL PROCEDURES

Isolation and Culture of Primary Mammary Gland Epithelial Cells-
Mammary glands were removed from C57 female ANXA1-heterozygous and ANXA1-null mice, minced to average fragment size of ϳ1.5 mm 3 using scalpel blades in serum-free Dulbecco's minimal essential medium with 0.01 mg/10 ml collagenase (Sigma) and incubated in a 37°C water bath for 1 h with intermittent shaking. The fragments were then meshed through a 70-m nylon filter, collected in the same medium before centrifugation at 80 ϫ g for 5 min to remove fats. The pellet was washed with fresh medium without collagenase and centrifuged at 80 ϫ g for 5 min before resuspending in complete SILAC medium and plating on culture dishes for the establishment of the individual cell lines. For SILAC culture, both the ANXA1 ϩ/Ϫ and ANXA1 Ϫ/Ϫ mammary gland cells were adapted to SILAC DMEM (Thermo Scientific) containing either 13 C-and 15 N-labeled lysine and arginine (K8R10; "heavy") (Cambridge Isotopes) or 12 C-and 14 Nlabeled lysine and arginine (K0R0; "light") (Sigma), 10% dialyzed FBS (Thermo Scientific), and 1% penicillin-streptomycin (Invitrogen) at 37°C in a humidity-saturated 5% CO 2 atmosphere.
Cell Lysate Preparation-SILAC-adapted cells were harvested by scraping on ice and lysed on ice for 20 min using 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Nonidet P-40 with 1ϫ Roche complete protease inhibitor mixture (Roche Applied Science), and 1ϫ PhosSTOP phosphatase inhibitor (Roche Applied Science). Protein quantification was measured using the BCA assay kit (Pierce) before mixing equal amount of identically concentrated light and heavy SILAC-labeled ANXA1 ϩ/Ϫ and ANXA1 Ϫ/Ϫ lysates.
Mass Spectrometry-Equal amounts of proteins from lysates of heavy and light labeled cells were mixed, and 80 g of protein mixture was separated by one-dimensional 4 -12% NuPage Novex Bis-Tris gel (Invitrogen), stained using the Colloidal Blue staining kit (Invitrogen) and digested with trypsin using published procedures (18) . The samples were analyzed on an Orbitrap or Orbitrap XL (Thermo Fisher). Survey full scan MS spectra (m/z 300 -1400) were acquired with a resolution of r ϭ 60,000 at m/z 400, an AGC target of 1e6, and a maximum injection time of 500 ms. The 10 most intense peptide ions in each survey scan with an ion intensity of Ͼ2000 counts and a charge state of Ն2 were isolated sequentially to a target value of 1e4 and fragmented in the linear ion trap by collisionally induced dissociation using a normalized collision energy of 35%. A dynamic exclusion was applied using a maximum exclusion list of 500 with one repeat count, repeat, and exclusion duration of 30 s.
Identification and Quantification of Peptides and Proteins-The data were searched using Mascot (version 2.2; Matrix Science, London, UK) against International Protein Index mouse version 3.68 decoy database containing 52,288 proteins and 172 commonly observed contaminants. Database searches were performed with tryptic specificity allowing maximum two missed cleavages and two labeled amino acids as well as an initial mass tolerance of 7 ppm for precursor ions and 0.5 Da for fragment ions. Cysteine carbamidomethylation was searched as a fixed modification, and N-acetylation and oxidized methionine were searched as variable modifications. Labeled arginine and lysine were specified as fixed or variable modifications, depending on the prior knowledge about the parent ion. SILAC peptide and protein quantification was performed with MaxQuant version 1.0.13.13 (19, 20) using default settings. The maximum false discovery rates were set to 0.01 for both protein and peptide. The proteins were considered identified when supported by at least one unique peptide with a minimum length of six amino acids.
Western Blot Analysis-Equal amount of cell lysates were loaded onto NuPage Novex 4 -12% Bis-Tris gel (Invitrogen) and transferred onto PVDF membrane (Bio-Rad). The following antibodies used for Western analyses were bought from Santa Cruz: anti-ANXA1, anticaspase 3, anti-STAT1, anti-EGFR, anti-PAI1, and anti-TIMP2. Antibodies against MMP14 and p19ARF were from Abcam, p53 and Yap1 (Yes-associated protein 1) were from Cell Signaling Technologies, and ␤-actin was from Millipore.
RT-PCR Analysis-Total RNA was prepared using an RNeasy kit (Qiagen) and reverse transcribed using SuperScript first-strand synthesis system for RT-PCR (Invitrogen) according to the manufacturer's protocol. Gene-specific primer pairs used were as follows: ␤-actin (sense, 5Ј-GGACGACATGGAGAAAATCTG-3Ј; antisense, 5Ј-CAGCTCGTAGCTCTTCTCCA-3Ј), ANXA1 (sense, 5Ј-ATGGCAAT-GGTATCAGAATTCCTC AA-3Ј; antisense, 5Ј-TGTAAGGGCTTTTCT-CAAGACTTC AT-3Ј), p53 (sense, 5Ј-CCAGAAGATATCCTGCCA-TCA-3Ј; antisense, 5Ј-TAGCTTATTGAGGGGAGGAGA-3Ј), p19ARF (sense, 5Ј-GTTGTTGAGGCTAGAGAGGAT-3Ј; antisense, 5Ј-TCGCA-CGATGTCTTGATGTCC-3Ј), STAT1 (sense, 5Ј-TCCCGTACAGAT-GTCCATGAT-3Ј; antisense, 5Ј-TGAACCAGCTTTGCAGCTGA-3Ј), Casp3 (sense, 5Ј-GGAATGTCATCTCGCTCTGGT-3Ј; antisense, 5Ј-CTTGTGCGCGTACAGCTTCAG-3Ј), EGFR (sense, 5Ј-AATGGACTT-ACAGAGCCATCC-3Ј; antisense, 5Ј-GGATGCCATCTTCTTCCACTT-3Ј), PAI1 (sense, 5Ј-TCAATGACTGGGTGGAAAGGC-3Ј; antisense, 5Ј-GGTCCACTTCAGTCTCCAGAG-3Ј), MMP14 (sense, 5Ј-CCACTT-TGATTCTGCCGAGCC-3Ј; antisense, 5Ј-GCTTCGTCAAACACCCAG-TGC-3Ј), TIMP2 (sense, 5Ј-CCGCAACAGGCGTTTTGCAAT-3Ј; antisense, 5Ј-TTCTCTTGATGCAGGCGAAGA-3Ј), and ␤-parvin (sense, 5Ј-GAG GTG ACT GAC TTA CAG GAA-3Ј; antisense, 5Ј-CTG CAC GGT GAC ATG CTC AG-3Ј). All reactions except for ␤-parvin follow a 2-min initial denaturation at 94°C, and amplification conditions were as follows: 94°C for 10 s, 55°C for 30 s, and 68°C for 45 s for 25 cycles, followed by an extension of 68°C for 7 min. For ␤-parvin, a 3-min initial denaturation at 94°C was followed by 94°C for 30 s, 58°C for 30 s, and 72°C for 45 s for 25 cycles, and an extension of 68°C for 7 min. PCR products were electrophoresed on 2% agarose gels stained with ethidium bromide. ␤-Actin was used as a normalizing control.
Heat Treatment-The cells were seeded in T75 tissue culture flasks 1 day prior to treatment. The flasks were sealed with parafilm and incubated in a water bath preheated to 45°C for 30 min (heat-treated) or 37°C for 30 min (control). The cells were harvested at 0-, 4-, and 24-h time points after treatment by trypsinization for comet assays.
Comet Assay-The assay was performed using a CometAssayா kit (Trevigen) according to the manufacturer's protocol. In summary, the cells were counted, mixed with low melting point agarose, spread onto Comet slides, and allowed to solidify before soaking in lysis solution in the dark for 30 min followed by 20 min in DNA unwinding buffer. The slides were loaded onto a gel electrophoresis tank with alkaline electrophoresis buffer and run at 25 V/300 mA in the dark. The samples were then washed in water, dehydrated in 70% ethanol, and dried at 37°C. DNA was stained using SYBR Green in Tris-EDTA buffer (1:10,000), and slides were examined with an Axioplan 2 imaging fluorescence microscope (Carl Zeiss). Analysis of comets was performed using Comet Imager Software (Metasystems). The extent of DNA damage was expressed in terms of comet tail moments. 30 randomly selected cells were examined per sample.
Transfection Experiments-For knocking down of ␤-parvin, ANXA1 Ϫ/Ϫ mammary gland cells were seeded onto 6-well plate and transfected using Dharmafect 1 according to the manufacturer's protocol with ␤-parvin small interfering RNA (si-␤-parvin; Santa Cruz); mock cells simply treated with transfection reagent were used as the negative control. Upon 24 h post-transfection, the cells were washed twice with PBS and starved with serum-free medium overnight before cell adhesion assay. For overexpression of Yap1, pCDNA-Yap (Hisand Xpress-tagged) was transfected in ANXA1 Ϫ/Ϫ cells plated to ϳ80% confluency using TurboFect in vitro transfection reagent (Fermentas) according to the manufacturer's protocol.
Cell Adhesion Assay-Prior to the assay, the underside of the porous translucent membranes in the cell culture inserts (Corning) were coated with 25 g/ml of PureColா collagen (Advanced BioMatrix). These inserts were then incubated overnight at 37°C in a sterile condition and covered. 1 ϫ 10 4 of the transfected cells in DMEM with 0.5% FBS were seeded into the upper chamber (with the collagen-coat on the underside) with 10% FBS in the lower chamber of the Transwell. The cells were incubated for another 24 h at 37°C to allow for adhesion to and migration through the collagen-coated porous membrane on the underside of the cell culture insert. At the end of the assay, nonmigrated cells on the upper side of the insert (top chamber), as well as the migrated cells in the lower chamber, were carefully removed and counted. The collagen-coated underside of the membrane was washed twice with PBS and fixed with 10% formalin for 10 min at room temperature. After two washes with PBS, the migrated cells were permeabilized with 0.1% Tween 20 in PBS for 5 min at room temperature before staining with 500 l of hematoxylin-2 (Richard-Allan Scientific) for 10 min at room temperature. The membrane was then washed in water by dipping it for 5 min before staining in 500 l of eosin-Y alcoholic (Richard-Allan Scientific) for 2 min at room temperature. After three 5-min sessions in 95% alcohol, the cell culture inserts were then allowed to air dry upside down for 15 min at room temperature. The porous membranes were removed from the cell culture inserts with a razor blade and mounted on glass slides. The migrated cells on the underside of the collagen-coated membrane were visualized using light microscope (Zeiss) at 2.5ϫ and 10ϫ magnification.
Hydrogen Peroxide Treatment and Cell Proliferation (WST)
Assay-24 h after transfection, 3 ϫ 10 4 cells were seeded into 96-well before overnight treatment with 1 mM H 2 O 2 . Cell viability was measured using WST-1 assay (Roche Applied Science) at every 15-min interval.
Migration Assay-The cells were starved for 16 h prior to migration assay with serum-free DMEM. 2.5 ϫ 10 5 cells in DMEM with 0.5% FBS were seeded into the upper chamber (8-m membrane insert) with 10% FBS in the lower chamber of the Transwell (Corning) and incubated for 48 h under normal cell culture conditions. The migrated cells were then counted.
Wound Healing Assay-The cells were seeded into both reservoirs of the culture insert (Ibidi), allowed to grow to monolayer confluence before removal of the culture insert. The cells were fed with fresh DMEM, and the dishes were fixed on a motorized XY stage coupled to a Nikon Ti Eclipse with perfect focus system. The time-lapsed phase contrast images were acquired by a CoolSnap HQ2 (Photometrics). The images were selected and analyzed using Wimasis Image Analysis software (Wimasis GmbH).
Reactive Oxygen Species (ROS) Assay-The cells harvested by trypsinization were washed with PBS before incubation with 1 M 5-(and-6)-chloromethyl-2Ј,7Ј-dichlorodihydrofluorescein diacetate (Molecular Probes) for 20 min at 37°C in the dark. The cells were then washed, resuspended with DMEM, and assessed for intracellular ROS by FACS analysis.
RESULTS
Relative Quantification of Proteins of ANXA1
ϩ/Ϫ and ANXA1
Ϫ/Ϫ (Knockout) Murine Mammary Gland Cells by SILAC
We first wished to identify the functions of ANXA1 in mammary gland cells (nontumor) through quantitative profiling of proteins using SILAC. We adapted cell lines from murine mammary gland cells of ANXA ϩ/Ϫ mouse ( ϩ/Ϫ ) and from ANXA Ϫ/Ϫ mouse ( Ϫ/Ϫ ) in either media containing normal isotopes of L-lysine-( 12 C 6 14 N 2 ) (K0) and L-arginine-( 12 C 6 14 N 4 ) (R0) or media containing stable isotope L-lysine-( 13 C 6 15 N 2 ) (K8) and L-arginine-( 13 C 6 15 N 4 ) (R10). The equal amounts of cell lysates from light (K0R0) and heavy (K8R10) cells were mixed followed by separation of 80 g of total protein on SDS-PAGE. Extracted peptides from in-gel trypsin-digested gel slices were subjected to LC Orbitrap-MS analysis. MS data were analyzed using MaxQuant software. The experiments were carried out in four replicates as two forward (heavy ANXA Ϫ/Ϫ cells versus light ANXA ϩ/Ϫ cells) experiments and two reverse (heavy ANXA ϩ/Ϫ cells versus light ANXA Ϫ/Ϫ cells) experiments (Fig. 1A) . Each experiment contained two technical replicates for MS analysis. For initial data analysis, the combined raw data of two technical replicates of each experiment was used in MaxQuant analysis. We quantified ϳ5000 proteins at least in one experiment (supplemental Table 1 ). The SILAC ratios of forward and reverse and biological replicates were well correlated (supplemental Fig. S1 ). Thus, raw data sets from forward experiments were compiled together for MaxQuant analysis to obtain final SILAC ratios for the forward experiment and the same analysis for the reverse experiment ( Fig. 1B and supplemental Table 2 ). After removing contaminants and reverse assignments, we found 4108 proteins quantified in both forward and reverse experiments, which were used to categorize unchanged, up-and downregulated proteins with ANXA1 Ϫ/Ϫ as follows. First, proteins with contradictory ratio significance B (P) values from forward and reverse experiments were removed (e.g., proteins with ratio significance of less than 0.05 in the forward experiment, but that of more than 0.05 in the reverse experiment (and vice versa) were removed). From this filtered list "ratio significance B value of forward (P Fwd ) ϫ ratio significance B value of reverse (P Rev ) Ͻ0.0025" was applied to select proteins with statistically significant changes (red and blue dots in Fig. 1C) . To obtain biologically significant changes, a protein frequency (density) plot was generated using R, and the proteins below the 10% quantile were selected as down-regulated. Conversely, those above the 90% quantile were selected as upregulated proteins (Fig. 1, B and C) . We found that 10%/90% quantile matched to ϳ2-fold changes in all experiments. Thus, up-or down-regulated proteins have at least 2-fold changes together with p Ͻ 0.05. This approach has the advantage that proteins with just below 2-fold changes but with statistically significant ratios were not eliminated. Through this approach, we found 214 up-regulated proteins and 169 down-regulated proteins (Fig. 1C ) in ANXA1-deficient cells.
Analysis of Down-regulated Proteins in ANXA1-deficient Mammary Cells
Pathway Analysis-To assign preliminary functional relevance of the up-or down-regulated proteins, we performed bioinformatics analysis using GeneGo. GeneGo Map Folder analysis revealed that DNA damage response pathway proteins were enriched in down-regulated protein cluster with high significance value (Ͻ1e Ϫ6 ) (supplemental Fig. S2A ). Thus, we focused on DNA damage response pathway for further analysis. In addition to the proteins in GeneGo DNA damage response pathway folder, we found two other proteins with statistically significant fold changes involved in this pathway through Gene Ontology/Kyoto Encyclopedia of Genes and Genomes pathway analysis (Table I) . These proteins were found to play roles in DNA damage response pathways primarily through regulation of proliferation, transcription, caspase activation cascade, and apoptosis. We have confirmed that Yap1, p53, p19ARF, caspase-3, and STAT1 were down-regulated in ANXA1 Ϫ/Ϫ cells by Western blot analysis (supplemental Fig. S2B ). RT-PCR analysis of most of these proteins demonstrated that all protein expression levels correspond to their mRNA transcript levels. For both Western blot and RT-PCR analyses, ␤-actin was used as a loading and normalizing control.
Functional Validation-Pathway analysis of the SILAC data showed that ANXA1 plays important roles in DNA damage response and related pathways. To further confirm its involve- ment in the DNA damage response pathway, we performed a comet assay, which assesses the extent of DNA damage at various time points of recovery upon DNA damage. Comet tail moment (fraction of migrated DNA multiplied by some measure of tail length), indicative of the extent of damage, was analyzed using the Comet Imaging Software. The heat shock protein HSP70 is involved in the caspase cascade pathway (21) , and because both HSP70 and HSP90 were down-regulated with ANXA1 Ϫ/Ϫ cells, thermal stress was used to induce DNA damage (22) in both cell lines. As shown in Fig. 2A , the accumulation of damage in ANXA1 Ϫ/Ϫ was higher than ANXA1 ϩ/Ϫ at both 4 and 24 h. Moreover, by the 24-h time point, more recovery was observed in ANXA1 ϩ/Ϫ whereas DNA damage was still obvious in ANXA1 Ϫ/Ϫ cells (Fig. 2B) . Interestingly, we also observed that there was a substantial difference in the mean tail moments in the control without any heat treatment at 0 h between the two mammary cell lines (Fig. 2C) . In summary, we showed that ANXA1 indeed plays a protective role in the DNA damage response, because ANXA1 Ϫ/Ϫ mammary gland cells not only accumulated more damage but recovered more slowly compared with ANXA1 ϩ/Ϫ cells after heat stress.
To further verify the importance of ANXA1 in DNA damage functionally, a ROS assay was performed to confirm the dif- ference in the cellular accumulation of ROS in ANXA1 ϩ/Ϫ and ANXA1 Ϫ/Ϫ mammary gland cells. Fig. 2D shows a rightward shift of the ROS peak for ANXA1
Ϫ/Ϫ cells compared with ANXA1
ϩ/Ϫ cells, indicative of more intrinsic ROS accumulation. This potentially could lead to more oxidative damage in the ANXA1 Ϫ/Ϫ cells, further supporting the protective role of ANXA1 in mammary gland cells. To evaluate the relationship between down-regulated proteins in ANXA1 Ϫ/Ϫ and DNA damage response pathway, we carried out both the comet and ROS assays with the most down-regulated protein in ANXA1 Ϫ/Ϫ cells, Yap1 (Table I) . Yap1 was overexpressed in ANXA1 Ϫ/Ϫ cells in an attempt to see whether it is able to alleviate its ROS accumulation or intrinsic damage. Fig. 2 (E and F) shows that the ROS peaks for both mock and Yap1 totally overlapped with the ROS peak for ANXA1 Ϫ/Ϫ . Moreover, the results of comet assays also show insignificant differences in the mean tail moments between the control ANXA1 Ϫ/Ϫ and Yap-1-transfected ANXA1 Ϫ/Ϫ cells (data not shown). Because Yap1 is unable to make any difference to the intrinsic ROS accumulation and damage, we assessed the lack of this DNA damage response phenotype in ANXA1 Ϫ/Ϫ cells showed minimal proliferation response as compared with ANXA1 ϩ/Ϫ cells (Fig. 3A) , we asked whether over-or re-expressing Yap1 would "rescue" this proliferation response. Overexpressing Yap1 in ANXA1 Ϫ/Ϫ cells did not bring about any changes in the proliferation rate of the cells (Fig. 3B ). However, Yap1 was able to bring a substantial reversal of the lack of DNA damage response phenotype in ANXA1 Ϫ/Ϫ cells when the cells were exposed to oxidative damage (Fig. 3C) , showing that down-regulated proteins in ANXA1 Ϫ/Ϫ are key regulators in responding to DNA damage.
Analysis of Up-regulated Proteins in ANXA1-deficient Mammary Cells
Pathway Analysis-Pathway analysis of up-regulated proteins clustered with GeneGo Map Folder analysis revealed that the tissue remodeling and wound repair pathway was enriched with a high significance value (Ͻ1e Ϫ5 ) among upregulated protein cluster (supplemental Fig. S3A ). To narrow down to more specific fundamental processes pertaining to tissue remodeling and wound repair pathway, we further analyzed subfolders associated with this pathway cluster. We identified cell adhesion and cell motility as major subclusters. Based on these outcomes, we searched the proteins involved in these pathways using GeneGo as well as Kyoto Encyclopedia of Genes and Genomes pathway. In this search we found several other proteins with statistically significant fold changes involved in these pathways (Table II) . We confirmed that EGFR, MMP14, TIMP2, and PAI1 were up-regulated in S3B ). Interestingly RT-PCR analysis of related genes demonstrated that MMP14 and TIMP2 were not affected at the mRNA level and that PAI1 was lower at the mRNA level. All other genes were consistent with protein expression. For both Western blot and RT-PCR analyses, ␤-actin was used as a loading and normalizing control.
Functional Validation-Pathway analysis revealed that ANXA1 is important in cell migration and adhesion because proteins involved in those pathways were up-regulated in ANXA1
Ϫ/Ϫ cells. To verify this functional association, Transwell migration and wound healing assays were performed to compare the adhesive and migratory capabilities of these two cell lines, which we used to perform proteomics analysis. The Transwell migration assay demonstrated that the motility of ANXA1 ϩ/Ϫ was significantly higher (at least 3-fold) than the ANXA1 Ϫ/Ϫ (Fig. 4A) . Next, we used a culture insert for wound healing assay, where a nonbias cell-free gap of 500 Ϯ 50 m is produced as the "wound" when it is removed. Immediately after the removal of the culture insert, the cells were observed in real time under a video microscope by a CCD camera captured every 10 min. After 24 h, ANXA1 ϩ/Ϫ cells had achieved nearly complete wound closure (ϳ98%), whereas the wound in ANXA Ϫ/Ϫ cells was only ϳ70% closed (Fig. 4 , B and C, and supplemental Movie 1). Taken together, these results showed that ANXA1-expressing cells were able to migrate faster than ANXA1-deficient cells, implying that ANXA1 plays a positive role in cell migration and adhesion processes.
For further verification, we tested up-regulated proteins in ANXA1 Ϫ/Ϫ cells having direct roles in cell adhesion and migration. We selected ␤-parvin because it is the most upregulated protein among those involved in adhesion processes (Table II) and performed both migration and wound healing assays for ␤-parvin knockdown cells (Fig. 5A) . The Transwell migration assay demonstrated that the motility of the si-␤-parvin in ANXA1
Ϫ/Ϫ cells was higher than the mock control (Fig. 5B) . The wound healing assay also supported the faster migratory capability of si-␤-parvin in ANXA1
Ϫ/Ϫ cells because it achieved near 100% wound closure, whereas the wound in mock control was only ϳ80% closed by 12 h (Fig. 5 , C and D, and supplemental Movie 2). Because ␤-parvin is a focal adhesion protein, we tested its effect on cell adhesion as described under "Experimental Procedures." The results of these experiments showed an obvious abolition of collagen adhesion in cells with ␤-parvin knocked down in comparison with the mock control ANXA1 Ϫ/Ϫ (Fig. 6A ). To further ensure that this decrease in adhesiveness is a complement to the migratory capability of the cells, we counted the cells in both the upper and lower chambers. ϩ/Ϫ cells. This result clearly showed that the migratory ability of the ANXA1 Ϫ/Ϫ cells was increased by knocking down of ␤-parvin, confirming the relevance of the upregulation of proteins clustering in the cell adhesion/migration pathway to the phenotype of the ANXA1 Ϫ/Ϫ cells.
DISCUSSION
In this study, we sought to address the role of ANXA1 in mammary gland cells using SILAC-based mass spectrometry. Because proteins directly control almost all cellular processes and poor correlation between mRNA and corresponding protein abundance occurs because of post-transcriptional processing (23), information about proteome level changes is essential in deciphering biological mechanisms. With the recent major advances in the sensitivity and mass accuracy of mass spectrometry measurements, it is now possible to sequence thousands of peptides from complex mixtures in an automated manner and quantify thousands of proteins (comparable with mRNA quantification) using metabolic labeling of cells (SILAC). Here SILAC combined with bioinformatics allowed us to propose possible roles of ANXA1 through determination of changes in functionally relevant subproteomes. It usually would take extensive study and a long time to functionally characterize a given protein through hypothesis- based biological assays. However, by careful analysis of SILAC data and downstream pathways, we can propose direct and indirect roles of ANXA1 in cancer-related biological pathways of DNA damage-response, apoptosis, and cell migration in a much shorter time. Importantly, we have used normal and nontumor mammary gland cells in our study to understand the importance of ANXA1 in normal cell function. The loss of ANXA1 expression in certain breast tumors points toward a possible functional importance of ANXA1 in tumor initiation. This led us to examine mammary gland cells from mice expressing ANXA1 and mice deficient in ANXA1. Further experiments on tumors from ANXA1 ϩ/Ϫ and ANXA1 Ϫ/Ϫ mice will be useful for understanding the regulatory roles of ANXA1 in tumor growth and progression. Using bioinformatics analysis of ANXA1-regulated proteins, our initial finding that ANXA1 could positively regulate potent tumor suppressors provides clues of the regulatory effect of ANXA1 in tumor initiation. This can be a further mechanism through which the loss of ANXA1 can induce tumor initiation in mammary ductal carcinoma.
Through bioinformatics analysis of ANXA1-regulated proteins, we identified several down-regulated proteins in the DNA damage response pathway. This pathway is associated with various processes such as cell cycle, proliferation, apoptosis, etc. Yap1, which emerged as the most down-regulated proteins under DNA damage response category, has been shown to be not only able to induce apoptosis via stabilizing the well known tumor suppressor p53 upon DNA damage but also induce p53-regulated apoptosis-inducing protein 1 (p53AIP1), a p73 target gene (24, 25) . Strikingly, another protein is p53, which plays vital roles in various important processes such as cell cycle checkpoints, apoptosis (26) , transcriptional control (27) , and DNA damage (28, 29) . We observed a down-regulation of p53 in ANXA1 Ϫ/Ϫ cells at the transcriptional level, implying that ANXA1 may regulate p53 transcription. Another important protein that is positively regulated by ANXA1 is p19ARF, the homologue of p14ARF in humans, which is another important tumor suppressor gene (30) regulating the cell cycle and p53 pathways (31) . In addition, DNA ligase I, which is involved in base excision repair (32) , is also down-regulated in ANXA1 Ϫ/Ϫ mammary gland cells. The down-regulation of these important proteins involved in DNA damage response pathway suggests that ANXA1-deficient mammary gland cells may have a lack of responses to DNA damage that would compromise the intrinsic genome integrity of the cells. Indeed, our first functional study demonstrated that cells lacking ANXA1 accumulated more damage than ANXA1-expressing cells in response to heat, an inducer of DNA damage, supporting our pathway analysis. The observation that the recovery from DNA damage or DNA repair was also affected in ANXA1
Ϫ/Ϫ cells is in line with our previous study on MCF-7 human breast carcinoma cells, where ANXA1 was shown to protect cells against heatinduced DNA damage (33) . Our data also demonstrate that ANXA1 can positively regulate proteins involved in the caspase cascade and apoptosis. This indicates that ANXA1 can modulate the intrinsic apoptotic pathway that relies on the release of intracellular proapoptotic proteins to cleave caspases upon DNA damage (34) . Bid, a member of the Bcl2 proapoptotic family, is cleaved to tBid by the initiator caspase-8 upon activation, myristoylated by myristoyl-CoA: protein N-myristoyltransferase before relocalization to mitochondria for the signaling of cytochrome c release (35) from the mitochondria, a characteristic of the intrinsic pathway (36, 37) . Previous studies have shown that ANXA1 is a proapoptotic protein that can regulate tumor necrosis factor-related apoptosis-inducing ligand-induced cell death in follicular thyroid carcinoma cells through the regulation of Bcl-2/Bcl-X Lassociated death promoter activity and translocation to the mitochondria (38) . In addition, neutrophil apoptosis is induced by ANXA1 in a calcium-dependent manner and through the dephosphorylation of Bcl-2/Bcl-X L -associated death promoter (39) . Our study functionally verified that ANXA1-expressing cells consistently exhibited lower ROS, and in the absence of ANXA1, there was an accumulation of cellular ROS. This may be linked to the greater DNA damage in unstimulated cells lacking ANXA1, because ROS is known to cause structural alterations to DNA, such as base pair mutations and deletions (40) . In addition, ROS, as well as reactive nitrogen species, can modulate the activity of stress response genes. Because oxidative damage was also one of the pathways identified with the down-regulation of proteins in the ANXA1 Ϫ/Ϫ mammary gland cells (data not shown), functional verification using a ROS assay was performed to compare the internal accumulation of ROS in the two mammary gland cell lines. The results showed more intrinsic ROS accumulation, potentially leading to more oxidative damage in the ANXA1 Ϫ/Ϫ , suggesting that ANXA1 potentially plays a protective role in mammary gland cells. This protective role of ANXA1 or lack of responses to DNA damage phenotype in the ANXA1 Ϫ/Ϫ as compared with ANXA1 ϩ/Ϫ cells was further confirmed by the second functional study using WST assay whereby the cells were subjected to another form of DNA damage (oxidative stress). The WST reagent, which is used for the spectrophotometric quantification of cell proliferation, growth, viability, and chemo-sensitivity in the assay, measures the overall activity of the mitochondrial dehydrogenases and hence indicates the metabolically active cells. Although the overexpression of Yap1 in the ANXA1 Ϫ/Ϫ cells (the downregulated protein in ANXA1
Ϫ/Ϫ cells with the highest fold change) failed to reverse its intrinsic "damage-accumulated" phenotype, Yap1 was able to rescue its cellular response toward externally introduced oxidative damage significantly, suggesting the direct relationship between these regulated proteins and DNA damage response when ANXA1 is depleted in the mammary gland cells. All the above observations reveal how ANXA1 could be protective via the regulation of proteins involved in the DNA damage response, apoptosis, and caspase cascade pathways in normal mammary gland cells.
The cluster of up-regulated proteins in ANXA Ϫ/Ϫ cells is mainly associated with tissue remodeling/wound repair process as well as cell adhesion and motility. Wound healing has long been established to be an essential physiological process characterized by four phases including immediate response, inflammatory response, proliferation, migration and contraction phase, and resolution phase (41) . Being an antiinflammatory mediator, ANXA1 contributes to overall resolution by counteracting the process of leukocyte extravasation (42) , as well as mediating functions of glucocorticoids, in an attempt to dampen inflammation. It is interesting to note that ANXA1 has been proposed to hold anti-migratory effects because its elevated level induced by the anti-inflammatory property of glucocorticoids inhibits leukocytes migration during inflammation as well as by other mechanisms (43) . However, these were in conjunction with the observation that the presence of increased ANXA1 led to inhibition of adhesion of the inflammatory cells to the endothelial (44, 45) . One of the mechanisms proposed in this adhesion inhibition is the down- regulation and shedding of a cell adhesion molecule L-selectin on the leukocytes (46, 47) . Down-regulation of ANXA1 has also been shown in carcinogenic models to inhibit cell migration/invasion (15, 48) , suggesting that ANXA1 could possibly be pro-migratory in carcinogenesis. Recent studies from our lab and others have demonstrated that ANXA1 is indeed pro-migratory in cancer cells, whereas silencing ANXA1 reduces metastatic capability (15) . Altogether, cell motility plays a central part in coordinating normal physiological and pathological processes including wound healing and metastasis. Cell motility/migration summarizes the dynamic integrated system of the "on" and "off" movement of a cell by changes in the expression of proteins involved, particularly those involved in the formation and disassembly of cell adhesion sites (49) . Our data confirm that ANXA1 does make a difference in cell motility even in normal cells. In the absence of ANXA1, a number of proteins involved in cellular adhesion are highly up-regulated, making the "on" movement of a cell more difficult. For example, talin, one of the up-regulated proteins identified in our ANXA1 Ϫ/Ϫ mammary gland cells, is especially important in sustaining cell spreading and adhesion (50, 51) . ␤-Parvin, a protein that directly interacts with integrin-linked kinase and is important for stabilizing focal adhesions (52) (53) (54) , has been shown to be expressed in normal mammary gland but down-regulated in advanced breast cancer and breast cancer cell lines (55) . It is the most up-regulated protein with the highest SILAC ratio in our analysis among the proteins involved in cell adhesion/ migration. However, we noticed that proteins such as EGFR and MMP14 that promote cell migration (under overexpression conditions) (56 -58) are also up-regulated. It has been documented that EGFR activation induces focal adhesion disassembly in mouse fibroblasts (59) . Up-regulation of MMP14, a member of MMP family involved in the breakdown of extracellular matrix (60) , has been known to promote tumor cell invasions (61) (62) (63) . Nevertheless, our proteomics data, which provided an overview of the systemic changes in protein expressions, are indicative of the collaborative effect of the overall protein expressions in the context of ANXA1 depletion. Hence, despite the up-regulation of EGFR and MMP14, up-regulation of other proteins involved in cell adhesion, especially those with high SILAC ratios, could possibly override the pro-migratory property of these two proteins. We showed this effect by knocking down the most up-regulated protein ␤-parvin in ANXA1
Ϫ/Ϫ cells and had observed a reversal of its "sticky" phenotype. These observations suggest that ␤-parvin, possibly together with other up-regulated proteins involved in focal adhesions, is able to override the pro-migratory capability of EGFR and MMP14, deriving the characteristic of adhesiveness for ANXA1 Ϫ/Ϫ cells. All the above supporting data explain the low migratory index in ANXA1 Ϫ/Ϫ as compared with ANXA1 ϩ/Ϫ , because these cells are more sticky (Fig. 4A) . In summary, we have shown how the use of SILAC on normal mammary gland epithelial cells from ANXA1-deficient and heterozygous mice has allowed us to further understand the role of ANXA1 in the development of mammary glands. While the combination of SILAC, quantitative mass spectrometry, and bioinformatics analysis provides global levels of protein expression, further pathway analysis of dysregulated proteins elucidates the decisive role of ANXA1 in cellular processes. This information not only adds to the list of known functions of ANXA1 but also helps us understand how perturbation in ANXA1 expression in normal mammary glands may contribute to initiation and progression in breast carcinoma. Finally, these findings lead us to a better understanding of deregulated hubs in human cancers that may eventually aid the development of therapeutic targets for restoring normal cellular function.
□ S This article contains supplemental material. ¶ To whom correspondence may be addressed. Tel.: 65-6516-5515; Fax: 65-6778-2684; E-mail: lina_lim@nuhs.edu.sg.
To whom correspondence may be addressed. Tel.: 65-6586-9689; Fax: 65-6779-1117; E-mail: jayanthag@imcb.a-star.edu.sg.
